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Summary

The centromere-specific histone variant CENP-A (CID
in Drosophila) is a structural and functional founda-

tion for kinetochore formation and chromosome seg-
regation. Here, we show that overexpressed CID is

mislocalized into normally noncentromeric regions
in Drosophila tissue culture cells and animals. Analy-

sis of mitoses in living and fixed cells reveals that mi-
totic delays, anaphase bridges, chromosome frag-

mentation, and cell and organismal lethality are all
direct consequences of CID mislocalization. In addi-

tion, proteins that are normally restricted to endoge-
nous kinetochores assemble at a subset of ectopic

CID incorporation regions. The presence of microtu-
bule motors and binding proteins, spindle attach-

ments, and aberrant chromosome morphologies
demonstrate that these ectopic kinetochores are func-

tional. We conclude that CID mislocalization promotes
formation of ectopic centromeres and multicentric

chromosomes, which causes chromosome missegre-
gation, aneuploidy, and growth defects. Thus, CENP-A

mislocalization is one possible mechanism for ge-
nome instability during cancer progression, as well

as centromere plasticity during evolution.

Introduction

Genome instability plays a key role in birth defects and
cancer progression (Balmain et al., 2003). The centro-
meric DNA and chromatin are the most important chro-
mosomal elements required for segregation in mitosis
and meiosis (Cleveland et al., 2003; Sullivan et al.,
2001). In most eukaryotes, there is only one centromere
per chromosome, which is usually embedded in hetero-
chromatin. The centromere and associated kinetochore
are essential for microtubule spindle attachments, con-
gression to the metaphase plate, anaphase segregation
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to the poles, and the function of the mitotic checkpoint
(or spindle assembly checkpoint [SAC]). Centromere
dysfunction results in chromosome loss due to the ab-
sence of spindle attachments, and chromosomes with
more than one kinetochore (di- or multicentrics) fre-
quently fragment and missegregate, due to attachments
of the same chromatid to both poles (McClintock, 1939).

Specification of only one site for centromere function
(centromere identity) is regulated by epigenetic mecha-
nisms in most eukaryotes (Cleveland et al., 2003; Sulli-
van et al., 2001). Transmissible dicentric chromosomes
exist in which a kinetochore forms on only one of two re-
gions of centromeric DNA, demonstrating that centro-
meric DNA is not sufficient for kinetochore formation
(Agudo et al., 2000; Sullivan and Willard, 1998). Further-
more, centromeric DNA is not necessary for kinetochore
formation, since noncentromeric DNA can acquire and
faithfully propagate centromere proteins and functions
(neocentromeres) without any change to the DNA se-
quences (Lo et al., 2001; Maggert and Karpen, 2001; Sat-
inover et al., 2001). Finally, chromosome rearrange-
ments are a hallmark of evolution and speciation, and
they are accompanied by centromere gains, losses,
and movements with respect to genome sequences
(Ferreri et al., 2005; Murphy and Karpen, 1998).

Members of the CENP-A family of centromere-spe-
cific histone H3-like proteins serve as both structural
and functional foundations for the kinetochore, and
they are excellent candidates for an epigenetic mark
that establishes and propagates centromere identity
(Cleveland et al., 2003; Sullivan et al., 2001). CENP-A
proteins are constitutive chromatin components that
are assembled into a cylindrical 3D structure on mitotic
chromosomes, around which the inner and outer kineto-
chore proteins are wrapped (Blower et al., 2002). They
are essential for recruitment of kinetochore proteins, es-
tablishment of spindle attachments, and normal chro-
mosome segregation in many eukaryotes (Blower and
Karpen, 2001; Buchwitz et al., 1999; Chen et al., 2003;
Howman et al., 2000; Stoler et al., 1995). In addition, re-
ciprocal epistasis experiments have shown that CENP-A
proteins are very high in the kinetochore assembly path-
way (Cleveland et al., 2003; Sullivan et al., 2001), consis-
tent with CENP-A’s location in chromatin at the base of
the kinetochore (Blower et al., 2002).

CENP-A depletion provides one mechanism for gener-
ating aneuploidy in mitosis and meiosis, as well as cen-
tromere loss during evolution. In Drosophila, neocentro-
meres are generated due to their proximity in cis to
a functional, endogenous centromere, suggesting that
spreading of key centromere chromatin proteins such
as CENP-A is one molecular mechanism for centromere
gain (Maggert and Karpen, 2001). However, the types of
rearrangements observed during evolution or in human
neocentromeric chromosomes indicate that cis spread-
ing cannot account for all cases of centromere gains.

Alternatively, centromere gain could also occur in re-
sponse to CENP-A incorporation into normally noncen-
tromeric regions, resulting in the formation of ectopic ki-
netochores. Studies testing this hypothesis in mammals
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Figure 1. CID-GFP- or H3-GFP-Expressing S2 Cells Display Different Protein Levels and Localizations upon Induction

(A) H3-GFP staining was widely distributed in the nucleus at all levels of expression, whereas CID-GFP staining patterns depended on expression

levels: centromere only, control; diffuse plus centromere, medium; and diffuse, high.

(B) CID overexpression in animals carrying UAS-CID-V5. IF with anti-CID antibodies (green) on eye-antenna discs shows that the EY-GAL4 driver

is very specific to the eye disc. The levels of CID varied from low (L), to medium (M), to high (H). Cells in the antenna disc display endogenous

CID levels.

(C) Distribution of H3-GFP/H3-V5 (top images) and low and high levels of CID-GFP/CID-V5 (green: GFP or V5 antibodies) on metaphase chromo-

somes from S2 cells (left), and from larval discs (right). High-CID-GFP/CID-V5 staining is predominantly euchromatic and at endogenous centro-

meres (green arrows), and it is not extensively incorporated into pericentric heterochromatin (blue bars), unlike H3-GFP/H3-V5.

(D) CID (green) was abnormally incorporated into polytene chromosome arms, bands (white arrow), and telomeres (asterisk) after heat shock

induction of larvae containing HSP70-GAL4 and UAS-CID-V5. Only low levels of CID-V5 were incorporated into the heterochromatic chromo-

center (CC).

The scale bars are 5 mm in (C) and 15 mm in (D).
have produced ambiguous and contradictory results. In
human tissue culture cells, overexpressed CENP-A was
incorporated into noncentromeric regions, but it did not
appear to produce functional ectopic kinetochores (Van
Hooser et al., 2001). In another study, 11 out of 11 human
primary colorectal tumors sampled displayed CENP-A
overexpression and mistargeting to normally noncen-
tromeric regions, suggesting a potential link between
CENP-A mislocalization and genome instability in can-
cer (Tomonaga et al., 2003).

Here, we directly test the hypothesis that CENP-A
mislocalization into normally noncentromeric regions
results in ectopic kinetochore formation. The effects of
elevated levels of the Drosophila CENP-A homolog
(CID) (Blower and Karpen, 2001; Henikoff et al., 2000)
on cell and organismal proliferation and chromosome
behavior were evaluated in both tissue culture cells
and developing flies. Our results demonstrate that CID
mislocalization can nucleate the formation of functional
kinetochores at ectopic sites, which results in chromo-
some missegregation, aneuploidy, and growth defects.
Results

CID Mislocalization Results in Growth Defects
in Cells and Animals

Stable Drosophila S2 cell lines were established that ex-
pressed either CID-GFP or histone H3-GFP fusion pro-
teins, under the control of the inducible metallothionein
promoter. For studies in flies, we induced expression of
transgenic CID-V5 or H3-V5 constructs by using the
GAL4-UAS system (Brand and Perrimon, 1993). Unin-
duced S2 cells or animals displayed leaky expression
of the tagged CID proteins, which was exclusively tar-
geted to endogenous centromeres (labeled ‘‘control,’’
Figure 1A), whereas leaky expression of tagged H3
was more broadly distributed in chromatin. Quantitative
Western analysis indicated that CID-GFP induction in
the entire population was 70-fold over endogenous
CID levels (Figure S1; see the Supplemental Data avail-
able with this article online). However, subsequent func-
tional analyses were performed on individual cells,
which exhibited very different amounts of H3 and CID
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Figure 2. CID Overexpression Results in Cellular and Organismal Phenotypes

(A) Growth curves are shown for untransfected or stably transfected S2 cells carrying CID-GFP or H3-GFP, with and without CuSO4 induction.

Induced CID-GFP cells displayed significant growth defects from day 8 to 12.

(B) H3-GFP-expressing cells maintained a similar distribution of protein levels once fully induced (wday 4), whereas the percentage of cells with

CID-GFP levels above 150 decreased significantly after day 4.

(C) Ubiquitous CID induction resulted in organismal lethality (96%, n = 305). The majority (76%) stopped developing before pupariation (left

panel), and 20% metamorphosed but were unable to hatch (right panel). The few flies (4%) that hatched, as well as the unhatched pupae,

were substantially smaller than control flies.

(D) Eye-specific CID induction resulted in strongly reduced eye size (lower panel) in comparison to controls (upper panel). Approximately 85% of

induced flies (n = 391) showed a severe visible phenotype (histogram).
after induction (Figures 1A and 1B). Therefore, we quan-
titated protein levels in cells by using GFP fluorescence;
low, medium, and high levels of CID-GFP expression
corresponded to w10-, 20-, and 30-fold induction, re-
spectively, over control levels (see Experimental Proce-
dures). Consistent with previous work (Collins et al.,
2004; Henikoff et al., 2000; Van Hooser et al., 2001), over-
expressed CID exhibited broad mislocalization in mi-
totic and polytene chromosomes, but it was incorpo-
rated preferentially into euchromatin; little, if any,
signal was visible in the pericentric heterochromatin
(Figures 1C and 1D). Epitope-tagged H3 was also incor-
porated into chromatin, but it predominantly localized to
the heterochromatin.

Uninduced H3-GFP, CID-GFP, and untransfected S2
cells exhibited normal exponential growth, and untrans-
fected S2 cell and H3-GFP cell growth was only slightly
reduced after induction (Figure 2A). In contrast, overall
cell growth was significantly reduced after CID-GFP in-
duction; specifically, cells expressing low, medium,
and high levels of CID-GFP were quickly eliminated dur-
ing culture, and cells with no or leaky CID-GFP levels
eventually took over the population (Figure 2B). Ubiqui-
tous and strong CID-V5 expression starting in early em-
bryos (TUB-GAL-4 driver) resulted in abnormal develop-
ment and lethality (Figure 2C). Another severe phenotype
was observed with the EY-GAL4 driver; most of the
adults displayed a reduced eye phenotype (85%) (Fig-
ure 2D), as observed previously (Jager et al., 2005). Anal-
ysis of mitotic indices and acridine orange staining
showed that these phenotypes were caused by cell
death or severe retardation of cell division (Figure S2).
None of these phenotypes were observed with overex-
pression of H3 or control levels of CID (Figure 2).

We conclude that CID mislocalization leads to mitotic
arrest or severe delay, and cell death in S2 cells and an-
imals, consistent with the observed phenotypes. In ad-
dition, the normal growth of control cells and animals
demonstrates that the CID fusion proteins did not inter-
fere with endogenous centromere function.

CID Mislocalization Causes Severe Chromosome
Segregation Defects

Cytological analysis of mitosis was used to explore the
cellular basis for the growth defects and lethality associ-
ated with CID overexpression and mislocalization. In
fixed cells from S2 cultures, embryos, larval brains, and
imaginal discs, CID incorporation into noncentromeric
regions was associated with a variety of mitotic defects,
including anaphase bridges, chromosomes stretched
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Figure 3. Time-Lapse Analysis of Live S2 Cells Reveals Mitotic Defects after CID Induction

See the Supplemental Movies.

(A) Frames from time-lapse microscopy are shown for induced H3-GFP, control CID-GFP coexpressed with H2B-RFP (chromosome counter

stain), and induced CID-GFP. Phase indicates cell outlines. Control chromosomes segregate normally. In contrast, cells with induced CID-

GFP expression displayed stretched chromosomes, fragmentation (asterisk, inset), and ‘‘cutting’’ of the unsegregated chromosome mass by

cytokinesis (see [C] for quantitation).

(B) Cells were treated with Etoposide to mimic problems in resolving sister chromatids (row 6), or they were depleted for CID by RNAi (row 7), and

displayed distinct segregation defects in comparison to CID mislocalization. The scale bars are 5 mm.

(C) Quantitation of defects observed in the time-lapse analysis. Cells induced for CID-GFP displayed higher percentages of all types of mitotic

defects (induced nH3-GFP = 32, nCID-GFP control = 50, ninduced CID-GFP = 27). For all phenotypes, the differences were highly significant (p < 0.001, Chi

square test).

(D) Levels of CID-GFP expression correlated with a highly elevated overall frequency of defective mitoses, and all are significantly different from

the controls (p < 0.01, in comparison to controls; H3-GFP: n = 32, control: n = 50, CID-GFP, low: n = 11, medium: n = 9 and high: n = 7).
along the spindle axis, and chromosome fragmentation
(Figure S3). Similar mitotic abnormalities were observed
in S2 cells overexpressing untagged CID, demonstrating
that the defects were not due to the GFP fusion (data not
shown). None of these defects were observed in con-
trols, or in response to high levels of H3 expression.

Time-lapse analysis of mitosis in live S2 cells ex-
tended our understanding of the chromosomal defects
displayed by cells with CID mislocalization. Most control
cells (control CID-GFP or induced H3-GFP) displayed
normal chromosome segregation during anaphase (Fig-
ure 3A, rows 1 and 2; quantitation in Figure 3C; Movies
S1 and S2). CID-overexpressing cells displayed signifi-
cantly higher frequencies of lagging and abnormally
stretched chromosomes (Figure 3A, row 3; quantitation
in Figure 3C; Movie S3). Stretched chromosomes also
produced fragments that failed to be incorporated into
daughter nuclei (Figure 3A, row 4; Movie S4). Finally,
a substantially higher number of cells with induced CID-
GFP expression displayed ‘‘cut’’ phenotypes, where
chromosomes abnormally positioned near the spindle
midzone in late anaphase were severed by the cleavage
furrow during cytokinesis (Figure 3A, row 5; quantitation
in Figure 3C; Movie S5).

Overall, time-lapse analysis revealed that mitotic
defects were observed in 75% of cells with induced
CID-GFP, compared to only w18% of control cells
(Figure 3D). Furthermore, even the lowest levels of induc-
tion produced significantly higher frequencies of mitotic
abnormalities (55%) than controls, which were further el-
evated in cells with medium and high levels of expression
(78% and 100%, respectively; Figure 3D). Thus, the fre-
quency of mitotic abnormalities correlated with the
amount of CID-GFP expression, suggesting that the de-
fects are a direct result of CID mislocalization to normally
noncentromeric regions. In addition, we frequently
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observed chromosomes that did not move in the typical
V-form, as expected for a single spindle-chromosome
attachment. Instead, chromosomes appeared to be
stretched parallel to the spindle axis (Figure 3A, rows 3
and 4; quantitation in Figure 3C), a morphology consis-
tent with spindle forces being applied to both chromo-
some arms, as observed for dicentric chromosomes
(Ahmad and Golic, 1998). Finally, cells with induced
CID-GFP displayed a 3- to 4-fold increase in the transi-
tion time between metaphase and anaphase onset
(30.7 min) relative to control CID-GFP (7.5 min) or in-
duced H3-GFP (10.8 min, p < 0.001). These results dem-
onstrate that CID mislocalization leads to significant mi-
totic segregation defects, aneuploidy, and a delay in
progression from metaphase to anaphase, which likely
caused the observed growth defects and cell death.

CID Mislocalization Causes Mitotic Defects that

Differ from Loss of Endogenous Centromere
Function or Failure to Separate Sister Chromatids

Although the chromosome morphologies and mitotic
phenotypes imply that multicentric chromosomes form
upon CID mislocalization, anaphase bridges and
stretched chromosomes could also arise from defects
in sister chromatid separation. In addition, lagging chro-
mosomes could result from interference with endoge-
nous centromere function. To address these possibili-
ties, we performed time-lapse analysis of S2 cells with
defective sister separation by using the topoisomerase
II inhibitor etoposide, and with cells depleted for CID
by RNAi.

Etoposide treatment resulted in defects expected for
inhibiting sister chromatid separation during anaphase
(Chang et al., 2003; Coelho et al., 2003). Although cen-
tromeres moved normally and synchronously to the
poles during anaphase, arms remained near the meta-
phase plate, producing massive bridges that were even-
tually ‘‘cut’’ by cytokinesis (Figure 3B, row 1; Movie S6).
In addition, CID signals were stretched, consistent with
previous observations suggesting that interlocking of
sister chromatids elevates forces at kinetochores
(Coelho et al., 2003).

The anaphase bridges formed after CID mislocaliza-
tion were qualitatively and quantitatively different from
failures in sister chromatid separation. After CID mis-
localization, asynchronous poleward movement of
centromeres and individual lagging chromosomes were
observed, with no obvious centromere stretching (com-
pare Movies S3 and S6). Consistent with these differ-
ences, PROD, which binds a satellite DNA near the cen-
tromeres of chromosomes 2 and 3 (Torok et al., 1997),
was located predominantly near the poles after etopo-
side treatment, and telomeric HOAP antibody signals
(Cenci et al., 2003) were enriched near the middle (Fig-
ures 4A and 4B). After CID mislocalization, PROD signals
were less frequently observed near the poles (p < 0.01),
and HOAP signals were less abundant near the middle
(p < 0.025). Finally, we only observed chromosomes
stretched parallel to the spindle and endogenous cen-
tromeres at the center and telomeres oriented toward
opposite poles after CID mislocalization, and not after
etoposide treatment (Figure 4A, inset).

Similarly, the phenotypes observed after CID deple-
tion versus CID induction were significantly different.
After CID RNAi, chromosomes did not congress to the
metaphase plate, and they displayed little movement to-
ward the poles; no bridges were formed, and the chro-
mosome mass that remained at the center was asym-
metrically severed by cytokinesis (Figure 3B, row 2;
Movie S7). These differences were substantiated by
the observation that PROD and HOAP were randomly
distributed across the spindle after CID depletion—lo-
calizations that were distinct from those observed after
CID mislocalization (Figures 4A and 4B; p < 0.05 and p <
0.01, respectively).

We conclude that the CID mislocalization mitotic de-
fects are phenotypically distinct from failure to resolve
sister chromatid cohesion or loss of endogenous centro-
mere function. Furthermore, phenotypes consistent with
the presence of multiple kinetochores, such as stretched
chromosomes with endogenous centromeres in the
middle, were only observed after CID mislocalization.

Inner and Outer Kinetochore Proteins Are Recruited

to Sites of Ectopic CID Incorporation
The hypothesis that ectopic kinetochores form in re-
sponse to CID mislocalization was further tested by ex-
amining the distributions of proteins involved in centro-
meric chromatin and kinetochore functions. CENP-C is
an inner kinetochore protein located between CENP-A
and outer kinetochore proteins in mitotic chromosomes
(Blower et al., 2002), and it is required for normal kineto-
chore formation (Sullivan et al., 2001). The Drosophila
CENP-C homolog was recently shown to localize to cen-
tromeres in a CID-dependent manner (Jager et al., 2005),
consistent with previous results in other organisms (Sul-
livan et al., 2001). Another protein associated with cen-
tromeric chromatin is MEI-S332 (Blower and Karpen,
2001; Kerrebrock et al., 1995), whose homologs (shu-
goshins) have recently been demonstrated to block deg-
radation of centromeric cohesins (Kitajima et al., 2004;
Salic et al., 2004). CID is required for normal MEI-S332 lo-
calization to the centromere region, whereas CID locali-
zation does not depend on MEI-S332 (Blower and
Karpen, 2001). In order to examine the effects on locali-
zation of an outer kinetochore protein, we stained cells
for BUBR1, which is an outer kinetochore protein re-
quired for the mitotic checkpoint (Basu et al., 1998).

CENP-C, MEI-S332, and BUBR1 were localized exclu-
sively to centromeres in S2 and fly imaginal disc cell
controls (Figure 5); the number of spots was close to
the amount expected for two sister kinetochores on
the 13 6 2 chromosomes present in S2 cells, and the 8
chromosomes in flies (Tables S1 and S2). In contrast,
significantly more sites (1.7- to 3.3-fold) were observed
for all three proteins after CID induction, and the addi-
tional signals were located in normally noncentromeric
(ectopic) regions (all p values < 0.01). These differences
were not due to elevated numbers of chromosomes in
induced CID cells (data not shown).

To address whether individual ectopic sites of CID
incorporation recruit multiple kinetochore proteins, we
simultaneously stained control and induced cells with
combinations of antibodies to different inner and outer
kinetochore proteins. Specifically, we quantitated co-
localization ofCENP-C/MEI-S332,CENP-C/POLO,POLO/
ROD, and MEI-S332/BUBR1 (Figure 6). POLO kinase
strongly associates with the outer kinetochore from
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Figure 4. CID Mislocalization Causes Mitotic

Defects that Are Different from Failure to Sep-

arate Sister Chromatids or the Loss of Endog-

enous Centromere Function

(A) Induced S2 cells, and uninduced cells

treated with Etoposide or depleted for CID

(CID RNAi), were fixed and stained for CID

(green), PROD (red), and HOAP (blue). The in-

set shows a frequently observed phenotype

of a chromosome (asterisk) being stretched

along its length axis, with the centromeres

(PROD) positioned in the middle, and the telo-

meres (HOAP) facing opposite poles. The

scale bars are 5 mm.

(B) The distance of all PROD (endogenous

centromere) and HOAP (telomere) foci from

the two poles was measured, normalized to

the length of the cell, and expressed as per-

cent distance from the pole (see ruler, bottom

left in [A]). Cells with induced CID expression

had PROD spots positioned less frequently

near the poles and fewer HOAP spots in the

middle, compared to Etoposide treatment.

Cells depleted for CID display random stain-

ing for both. Note that two of ten PROD spots

per cell colocalized with HOAP and were

omitted from the quantitation. Error bars

are 61 standard deviation from the average.
prometaphase through anaphase, and it is required for
spindle integrity and chromosome segregation (Loga-
rinho and Sunkel, 1998). ROD is also localized to the
outer kinetochore, and it is required for recruitment of mi-
crotubule motors and normal segregation (Basto et al.,
2000; Starr et al., 1998; Williams et al., 2003).

Normal CENP-C, MEI-S332, ROD, POLO, and BUBR1
kinetochore localization was observed in control S2 and
imaginal disc cells (Figure 6), and in cells with induced
H3 (data not shown). In contrast, all centromere/kineto-
chore proteins were mislocalized to significantly more
ectopic sites in cells with CID mislocalization, in addition
to endogenous centromeres (Figure 6; Tables S1 and
S2; all p values < 0.01). As observed previously in sin-
gle-label experiments for CENP-C, MEI-S332, and
BUBR1 (see above), ROD and POLO were present at
1.4- to 3.6-fold more sites after induction. Most impor-
tantly, all combinations of inner/inner, inner/outer, and
outer/outer kinetochore proteins colocalized at signifi-
cantly more sites after CID induction, compared to con-
trols (1.4- to 2.8-fold; all p values < 0.01). The percentage
of centromere/kinetochore sites that contained both
proteins after induction ranged from 39% to 85% in S2
cells and from 72% to 97% in disc cells, supporting
the idea that most kinetochore proteins are recruited
to the same ectopic sites.

These results demonstrate that CID mislocalization is
associated with recruitment of multiple centromeric co-
hesion, inner kinetochore, and outer kinetochore pro-
teins to normally noncentromeric sites, suggesting at
least partial formation of ectopic kinetochores. Note
that these proteins were not recruited to all sites of ec-
topic CID incorporation (see Discussion).

CID Mislocalization Results in the Formation

of Functional Ectopic Kinetochores
The presence of ectopic centromere and kinetochore
proteins, and the types of segregation defects, strongly
suggests that ectopic kinetochores are formed after CID
mislocalization. In order to evaluate the functionality of
these ectopic kinetochores, we determined whether ki-
netochore-associated microtubule motors and binding
proteins, stable microtubule connections, and spindle-
mediated forces were present at normally noncentro-
meric regions after CID mislocalization.

Chromosome movement is mediated by microtu-
bule assembly and disassembly and the functions
of microtubule motors. The kinesin KLP59C is a
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Figure 5. Induction of Ectopic CID Results in Aberrant Localization

of Centromere and Kinetochore Proteins to Normally Noncentro-

meric Regions
microtubule-depolymerizing protein located in the outer
kinetochore, and it is required for chromosome move-
ment along spindles (Rogers et al., 2004). Dynein is a mi-
nus-end motor that links kinetochores to microtubules
and contributes to poleward chromosome movement
during anaphase A (Howell et al., 2001; Rogers et al.,
2004). In mitosis, both Dynein and KLP59C were specif-
ically associated with endogenous centromeres (and for
Dynein on microtubules) in control CID-GFP cells, but
they were colocalized at significantly more chromo-
somal sites after CID mislocalization, (2.3-fold increase,
Table S1, p < 0.02).

Plus-end microtubule binding proteins, including Dro-
sophila MAST, are concentrated at the interface be-
tween microtubules and functional kinetochores
(Maiato et al., 2002, 2004), providing an independent
test for the presence of ectopic spindle attachments.
Control S2 cells contained on average 26 MAST spots
in metaphase, whereas cells with induced CID con-
tained significantly more MAST spots (42, p < 0.001; Fig-
ures 7B and 7C). Similar results were obtained in flies;
control imaginal disc cells contained 16 MAST spots in
metaphase, compared to 35 spots after induction. In
contrast, the number of MAST spots observed in etopo-
side-treated control S2 cells (28) was equivalent to the
results from untreated control cells, and cells depleted
for CID by RNAi contained only 6 MAST spots
(Figure 7C). These results demonstrate that the number
of functional ectopic kinetochore-microtubule attach-
ments increases significantly, specifically in cells with
extensive CID mislocalization.

To visualize microtubule attachments, we exposed
cells to cold treatment, which preferentially depolymer-
izes spindle microtubules that are not attached to kinet-
ochores (Rieder, 1981). After CID induction, cells dis-
played cold-stable microtubule connections at ectopic
sites that also contained CID and the outer kinetochore
protein ROD (Figure 8A). Three-dimensional modeling
demonstrated that microtubules ended at sites in the
chromosome arms, far from the endogenous centro-
mere (Movies S8 and S9). In order to visualize ectopic
microtubule attachments, we had to examine missegre-
gating chromosomes (e.g., stretched) during late ana-
phase, when pole-to-pole microtubules are also re-
tained after cold-treatment, which made quantitative
comparisons difficult. However, such ectopic microtu-
bule connections were never observed in S2 or imaginal
disc cells overexpressing H3 or control levels of CID, or
in S2 cells perturbed by CID depletion or etoposide
treatment. In addition, the idea that these ectopic micro-
tubule attachments exert force on the chromosome
arms was supported by observations of stretched or
bent chromosome arms with microtubule attachments

Localization of the inner kinetochore protein CENP-C, the sister co-

hesion protein MEI-S332, and BUBR1. CENP-C, MEI-S332, and

BUBR1 are in red; CID-GFP in S2 cells and CID-V5 in larval disc cells

are in green. Enlargements of individual chromosomes of S2 cells

are shown below; green arrows = endogenous centromeres, white

arrows = ectopic sites. Normal centromeric localization of all three

proteins was observed in controls. Upon CID induction, these pro-

teins were abnormally localized to many noncentromeric sites, and

the average number of sites (below) was significantly higher in in-

duced versus control cells (p < 0.01, Tables S1 and S2). The scale

bars are 5 mm.
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to ectopic sites (Figure 8B, also see Figure 4A). Finally,
the presence of significantly more ectopic sites contain-
ing the key kinetochore motors Dynein and KLP59C, and
the plus-end binding protein MAST, provided quantita-
tive evidence that ectopic spindle attachments were sig-
nificantly increased after CID induction.

We conclude that CID induction results in ectopic
chromosomal sites containing proteins implicated in
forming functional microtubule attachments at kineto-
chores, as well as attachments similar to those found
at endogenous kinetochores.

Discussion

Sites of Ectopic CID Incorporation Are Associated

with Kinetochore Formation and Function
CENP-A has been demonstrated to provide a structural
and functional foundation for the kinetochore in a variety
of organisms (Cleveland et al., 2003; Sullivan et al.,
2001). This study shows that ectopic incorporation of
Drosophila CID into normally noncentromeric chromatin
occurs in response to overexpression in S2 and animal
cells, as observed previously in tissue culture cells and
yeast (Collins et al., 2004; Henikoff et al., 2000; Van
Hooser et al., 2001). Here, we show that CID mislocaliza-
tion results in defective cell growth, cell and organismal
death, and abnormal development.

Our results strongly support the conclusion that these
mitotic abnormalities and growth defects are caused by
formation of ectopic kinetochores and multiple spindle
attachments on individual chromatids. First, studies of
fixed and live cells demonstrated that CID overexpres-
sion caused significant mitotic defects, including in-
creased mitotic index and stretched, fragmented, and
lagging chromosomes during anaphase. Time-lapse
analysis in S2 cells revealed that CID overexpression
also caused mitotic delays, as well as cut phenotypes,
chromosome loss, and abnormal chromosome mor-
phology during anaphase segregation.

Second, proteins that are normally associated with
endogenous centromeres were present at ectopic sites
in response to CID mislocalization. We examined the
distribution and colocalization of proteins involved in
different centromere/kinetochore structures and func-
tions, extending from the centromeric chromatin to the
outer kinetochore. Proteins associated with centromeric
chromatin (CENP-C), centromeric cohesion (MEI-S332,
BUBR1), outer kinetochore formation and motor protein
recruitment (ROD, POLO), and the SAC (BUBR1) were
mislocalized and colocalized to normally noncentro-
meric regions in S2 and animal cells with mislocalized
CID. Thus, proteins involved in a wide spectrum of

Figure 6. Inner and Outer Kinetochore Proteins Colocalize at Sites of

Ectopic CID Incorporation

Control and induced cells were simultaneously stained with CENP-

C/MEI-S332, CENP-C/POLO, POLO/ROD, or MEI-S332/BUBR1 anti-

bodies. CID-GFP in S2 cells and CID-V5 in larval disc cells are in

green, CENP-C and ROD are in red, and POLO and MEI-S332 are

in blue. Enlargements of individual chromosomes of S2 cells are

shown below. Inner and outer kinetochore proteins were often colo-

calized at ectopic sites (white arrows), in addition to the endogenous

centromeres (green arrows). The average number of colocalization

sites (below) was significantly higher in induced versus control cells

(p < 0.01, Tables S1 and S2). The scale bars are 5 mm.
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Figure 7. Distributions of Microtubule Motors and the Plus-End

Binding Protein MAST Suggest the Presence of Functional Ectopic

Kinetochores
centromere and kinetochore functions are recruited to-
gether to ectopic sites after CID mislocalization.

Third, CID mislocalization resulted in significantly ele-
vated numbers of sites containing the kinetochore-as-
sociated KLP59C and Dynein motor proteins, and the
microtubule plus-end binding protein MAST. KLP59C
and Dynein were frequently colocalized at normally non-
centromeric regions of chromosomes that were display-
ing aberrant anaphase chromosome morphology. This
data strongly suggests that ectopic CID incorporation
can seed kinetochores that are able to form stable mi-
crotubule attachments, and that these attachments are
able to transmit forces to chromosomes during mitosis.
MAST localization in metaphase is likely to provide the
best estimate for the number of ectopic functional ki-
netochores formed after CID induction, approximately
twice the number observed in controls.

Finally, CID mislocalization resulted in the appearance
of cold-stable microtubule attachments at normally non-
centromeric regions, in addition to endogenous centro-
meres. The presence of ectopic spindle forces was con-
firmed in fixed preparations and time-lapse analysis by
observing chromosomes with bent or stretched chromo-
some arms, which can only result from forces directing
different sites on a single chromatid to the same pole.
Likewise, in fixed cells and time-lapse analysis, we ob-
served chromosomes stretched along their longitudinal
axes with endogenous centromeres in the middle, indi-
cating that arms are under tension from opposite poles.

It is possible that other chromosome defects are
caused by mislocalization of CID, in addition to ectopic
kinetochore formation and multicentric chromosomes.
However, inhibition of sister chromatid separation with
the topoisomerase II inhibitor etoposide, and CID deple-
tion by RNAi, produced mitotic defects that were quali-
tatively and quantitatively distinct from those observed
after CID mislocalization. Thus, loss of endogenous cen-
tromere function or sister separation defects alone can-
not account for the predominant chromosome pheno-
types observed after CID mislocalization. Determining
if other chromosome segregation defects in addition to
ectopic kinetochores occur in response to CID mislocal-
ization warrants further study.

(A) Localization of the motor proteins Dynein and kinesin KLP59C.

Merged images for anaphase figures are shown on top, and enlarge-

ments are shown below. CID-GFP-expressing cells were stained for

CID (green), Dynein, and KLP59C (blue). Control cells display close

association of both proteins only at endogenous centromeres (green

arrows), whereas they frequently colocalize at ectopic chromosomal

sites (white arrow) after induction (average number of sites indicated

below, see Table S1). Note that Dynein also decorates underlying

spindle microtubules (asterisk). The scale bars are 5 mm.

(B) Localization of the microtubule plus-end binding protein MAST.

Metaphase figures from induced cells contain more MAST (red)

spots than observed in controls. The scale bars are 5 mm.

(C) Quantitation of MAST spots in S2 and imaginal disc cells. MAST

signals associated with spindle poles (asterisk in [B]) were not in-

cluded in the quantitation. Induced cells contained significantly ele-

vated numbers of MAST spots compared to controls (p values in

text). Etoposide treatment did not alter the number of MAST spots

from control values, and CID depletion by RNAi resulted in signifi-

cantly fewer MAST spots than controls (p < 0.001 for I or CID RNAi

versus C; S2 cells: nC = 19, nI = 17, nETOP = 16, nCID RNAi = 14, imaginal

disks: nC = 12, nI = 13). Error bars are 61 standard deviation from the

average.
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Figure 8. Ectopic Microtubule Attachments

and Aberrant Chromosome Morphologies

Are Observed after CID Induction

(A) Anaphase figure from CID-GFP-express-

ing S2 cells (higher magnification to the right)

displaying prominent ectopic CID-GFP foci

(white arrows) connected to microtubule

bundles (red), and colocalized with ROD (light

blue), far from the endogenous centromere

(asterisk).

(B) Chromosome morphologies suggest

poleward forces applied to chromosome

arms after CID induction. The panel to the

right shows enlargements of chromosomes,

plus a schematic interpretation of the forces

(red arrows) responsible for the observed

chromosome morphologies.

The scale bars are 5 mm.
We conclude that CID induction results in broad incor-
poration into normally noncentromeric, predominantly
euchromatic regions, a subset of which recruit key kinet-
ochore proteins and exhibit kinetochore function. We
propose that the mitotic, cellular, and organismal phe-
notypes are caused by the presence of more than one
functional kinetochore and spindle attachment per chro-
matid. These results also provide further evidence that
CENP-A is a key epigenetic mark for centromere identity
(Sullivan et al., 2001).

Multiple Factors Regulate Kinetochore Formation at
Sites of CENP-A Incorporation

Although CENP-A is currently the highest protein in the
kinetochore assembly pathway, previous studies have
not addressed whether CENP-A is also sufficient for ki-
netochore formation. The fact that most ectopic sites of
CID incorporation were not associated with kinetochore
proteins and spindle attachments indicates that CENP-
A is not absolutely sufficient for kinetochore formation.
However, there are several reasons why it is unlikely
that a strict correlation between CENP-A incorporation
and kinetochore formation would be observed in this
system. First, it seems unlikely that all kinetochore pro-
teins are present in the vast excess required for kineto-
chore formation at all ectopic CID sites. Interestingly,
the inner kinetochore protein CENP-C was recruited
more efficiently to ectopic sites in comparison to all of
the outer kinetochore proteins (Figures 5 and 6), sug-
gesting that kinetochore formation may be limited by
processes downstream from centromeric chromatin for-
mation. Second, it is possible that only regions with CID
incorporation above a threshold level, perhaps equiva-
lent to the density at the endogenous centromere, are
capable of establishing a functional kinetochore. This
hypothesis is supported by the observation that the se-
verity of chromosome segregation defects is closely
correlated with CID expression levels. Lower levels of
CENP-A induction are the most likely explanation for
why ectopic kinetochores were not detected in the hu-
man study (Van Hooser et al., 2001). Alternatively, hu-
man cells may possess a more efficient clearing mecha-
nism for eliminating CENP-A from noncentromeric
regions, as has been reported for S. cerevisiae (Collins
et al., 2004). Third, other broadly distributed chromatin
factors may contribute to functional kinetochore forma-
tion in combination with CID. Centromeric chromatin in
flies and humans contains histone modification patterns
that are distinct from euchromatin and the flanking het-
erochromatin, which may also be required for the forma-
tion of ectopic, functional kinetochores (Sullivan and
Karpen, 2004).



Mislocalized CENP-A Produces Ectopic Kinetochores
313
Although centromere function and kinetochore as-
sembly may require flanking heterochromatin, the
presence of heterochromatin can also inhibit CID incor-
poration and kinetochore formation. In Drosophila, neo-
centromeres are produced when noncentromeric DNA
and an endogenous centromere are juxtaposed, but
not when heterochromatin separates these regions
(Maggert and Karpen, 2001). The lack of CID incorpora-
tion into heterochromatin after induction is consistent
with the hypothesis that heterochromatin antagonizes
the spread of centromeric chromatin and normally acts
to limit the size and distribution of centromeric chroma-
tin (Maggert and Karpen, 2000, 2001). Thus, differences
in the distribution of heterochromatin may also limit
CID incorporation into ectopic sites, or the ability of ec-
topic sites to form functional kinetochores. Further stud-
ies are needed to determine exactly what factors limit ki-
netochore formation at ectopic sites, and to examine the
sufficiency of CENP-A in more detail.

CENP-A and Genome Instability
Studies in mammals, insects, and other lineages have
shown that centromere gains and losses are a hallmark
of chromosome evolution (Ferreri et al., 2005). Loss of an
epigenetic mark such as CENP-A provides one mecha-
nism for centromere inactivation without deletion of
centromeric DNA. Identifying mechanisms for centro-
mere gain is more challenging, as it requires acquisition
of an epigenetic mark in the absence of DNA sequence
changes. Studies of experimentally induced neocentro-
meres in flies suggest one molecular mechanism for
centromere gain, specifically cis spreading of key cen-
tromere chromatin proteins such as CENP-A (Maggert
and Karpen, 2001). However, this model cannot account
for human neocentromere formation or most examples
of centromere gain during evolution. The results pre-
sented here suggest a more appropriate mechanism
for these cases of centromere acquisition, specifically
CENP-A mislocalization, perhaps in response to tran-
sient overexpression. In addition, our results demon-
strate that similar levels of CENP-A overexpression in
Drosophila and human tumors (Tomonaga et al., 2003)
can produce a spectrum of mitotic phenotypes consis-
tent with the chromosome abnormalities observed in
cancers (Balmain et al., 2003). Further investigations
into the prevalence of CENP-A mislocalization in differ-
ent types of human cancers, and its timing during cancer
initiation and progression, are required to directly test
this hypothesis.

Experimental Procedures

Cloning and DNA Constructs

Full-length H3 and CID were cloned into a modified pMT/V5 vector

(Invitrogen), which contained an in-frame EGFP, and the hygromycin

resistance gene full-length histone H2B was inserted into a modified

pIB/V5 vector (Invitrogen), which contained an in-frame mRFP in the

XhoI-SacII sites.

Cell Culture

S2 cells were grown under standard conditions, and Ca phosphate-

DNA coprecipitation was used for transfection (Cherbas et al., 1994).

Stable lines were selected and maintained with 100 mg/ml Hygromy-

cin-B (Invitrogen). Protein expression was induced from the metallo-

thionein promoter (pMT/V5 vectors) by using 250 mM CuSO4 for

24 hr.
Drosophila Culture

Transgenic animals (Ashburner, 1990) were generated from the

pP[UAST]CID-V5-6His or pP[UAST]H3-V5-6His constructs, which

carry the mini-white gene. Several UAS-CID and UAS-H3 lines

were established. Strong phenotypes were only observed at higher

temperatures (28ºC–29ºC). All ‘‘UAS-driver lines’’ were obtained

from the Bloomington stock center.

Cytological Preparations and Immunofluorescence

Unless otherwise noted, all S2 cells used for indirect IF were plated

on Concanavalin-A (Sigma)-coated slides and processed as de-

scribed (Henderson, 2004), except that cells stained for MAST

were treated with 3 mg/ml colcemid for 30 min. After fixation, all S2

cells were processed for IF as described (Blower and Karpen,

2001), and they were mounted in SlowFade Light (Molecular

Probes). Anti-tubulin staining was performed as described (Hender-

son, 2004), except that cells were cold treated for 30 min at 4ºC prior

to fixation (Rieder, 1981). Cells were incubated with etoposide for 30

min at a final concentration of 10 mM 2% DMSO. RNAi for CID was

performed as described (Blower and Karpen, 2001).

Animal tissues were prepared and IF was performed as described

(Henderson, 2004), except that tissues were prefixed for 1 min and

incubated in 1 mg/ml dispase/collagenase (Roche) for 5 min prior

to fixation. Mitotic chromosome and salivary gland squashes, and

IF on embryos, were performed as described (Sullivan et al., 2000).

IF for Tubulin was performed as described (Henderson, 2004), ex-

cept that the tissues were incubated on ice for 1 min and fixation

was carried out on ice. Embryos and disc cells were mounted in Vec-

tashield (Vector Laboratories) containing DAPI.

For IF of both S2 cells and animal tissues, dilutions for the CID,

ROD, POLO, TUBULIN, BUBR1, PROD, and MEI-S332 primary anti-

bodies were as described (Blower and Karpen, 2001). Dilutions for

other primary antibodies were mouse anti-V5, 1:500; rabbit anti-H3

Ser10, 1:250; guinea pig anti-HOAP, 1:100; rabbit anti-KLP59C,

1:500; mouse anti-Dynein, 1:500; rabbit anti-MAST, 1:10; and rabbit

anti-CENP-C, 1:5000. Secondary antibodies were coupled to Alexa

488, Alexa 546, and Alexa 647 fluorophores (Molecular Probes)

and were used at 1:500 dilutions.

Microscopy

All images were taken on a Deltavision Spectris Microscope and

were deconvolved by using softWoRx (Applied Precision). For indi-

rect IF, images were taken as z-stacks of 0.2 mm increments, by us-

ing a 1003 oil-immersion objective. For the growth rate and protein

expression studies, ten z-stacks of 1 mm increments were taken with

a 403 oil-immersion objective, quick projected, then quantified for

GFP levels by using arbitrary density units. For time-lapse micros-

copy, 10 ml of exponentially growing cultures was added to a cover

slip and processed as described by using the ‘‘hanging drop’’

method (Shields and Sang, 1970). Seven z-stacks of 1 mm incre-

ments were captured for each channel (GFP, RFP, and transmission

light) at 1 frame/min by using a 603 oil-immersion objective. Movies

are displayed as quick projections, and GFP levels of metaphase

plates were quantified by using softWoRx. Fold induction of CID-

GFP expression in S2 cells was quantified by using the sum of pixel

intensity in the different z-sections for the first picture of each time-

lapse movie for both induced and uninduced cells, and levels were

categorized as control (uninduced) % 14, low = 90–190, medium =

190–290, and high R 290. Images of flies, heads, and pupae cases

were taken on a dissecting microscope with a Polaroid CCD camera,

and images analyzed with the DMC direct software. All statistical

comparisons of the numbers of localization sites utilized the

Mann-Whitney U Test.

Supplemental Data

Supplemental Data including time-lapse movies, figures, tables,

and Experimental Procedures are available at http://www.

developmentalcell.com/cgi/content/full/10/3/303/DC1/.
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